Background: Real-time knowledge of the somatic genome can influence management of patients with metastatic castrationresistant prostate cancer (mCRPC). While routine metastatic tissue biopsy is challenging in mCRPC, plasma circulating tumor DNA (ctDNA) has emerged as a minimally invasive tool to sample the tumor genome. However, no systematic comparisons of matched "liquid" and "solid" biopsies have been performed that would enable ctDNA profiling to replace the need for direct tissue sampling. Methods: We performed targeted sequencing across 72 clinically relevant genes in 45 plasma cell-free DNA (cfDNA) samples collected at time of metastatic tissue biopsy. We compared ctDNA alterations with exome sequencing data generated from matched tissue and quantified the concordance of mutations and copy number alterations using the Fisher exact test and Pearson correlations. Results: Seventy-five point six percent of cfDNA samples had a ctDNA proportion greater than 2% of total cfDNA. In these patients, all somatic mutations identified in matched metastatic tissue biopsies were concurrently present in ctDNA. Furthermore, the hierarchy of variant allele fractions for shared mutations was remarkably similar between ctDNA and tissue. Copy number profiles between matched liquid and solid biopsy were highly correlated, and individual copy number calls in clinically actionable genes were 88.9% concordant. Detected alterations included AR amplifications in 22 (64.7%) samples, SPOP mutations in three (8.8%) samples, and inactivating alterations in tumor suppressors TP53, PTEN, RB1, APC, CDKN1B, BRCA2, and PIK3R1. In several patients, ctDNA sequencing revealed robust changes not present in paired solid biopsy, including clinically relevant alterations in the AR, WNT, and PI3K pathways. Conclusions: Our study shows that, in the majority of patients, a ctDNA assay is sufficient to identify all driver DNA alterations present in matched metastatic tissue and supports development of DNA biomarkers to guide mCRPC patient management based on ctDNA alone.
Circulating cell-free tumor DNA (ctDNA) is an emerging biomarker across a range of solid malignancies, including metastatic castration-resistant prostate cancer (mCRPC). Cell-free DNA (cfDNA) is shed into the bloodstream by nonmalignant and cancer cells, but in mCRPC patients the proportion of tumor-derived cfDNA (ctDNA fraction) is frequently greater than 1%, enabling comprehensive tumor genome profiling (1) (2) (3) (4) . Several recent studies have demonstrated that mutations and copy number changes in the plasma cfDNA of mCRPC patients are consistent with somatic landscapes previously established through metastatic tissue profiling (1) (2) (3) (5) (6) (7) (8) (9) . However, no systematic comparisons of matched liquid and solid biopsies have been performed. mCRPC is a lethal disease and an inevitable consequence of managing castrate-sensitive prostate cancer with androgen deprivation therapy. The treatment landscape of mCRPC is increasingly complex and confounded by partial and unpredictable cross-resistance between androgen receptor (AR) pathwaydirected agents (eg, enzalutamide and abiraterone) and a shifting consensus on when to utilize taxane-based chemotherapies (10) . Molecular subtyping breakthroughs have spurred clinical trials of targeted agents aimed at distinct genotypes, including poly (ADP-ribose) polymerase (PARP) inhibitors in patients with biallelic defects in genes involved in homologous recombination (11) and PI3K/AKT pathway inhibition in patients with PTEN deletions (12) . Thus, there is an urgent need for realtime and practical tumor biomarkers to guide therapy selection.
Tissue biopsies remain the gold standard for biomarker development, with contemporary clinical trials frequently mandating collection of solid tumor material for patient stratification or eligibility. However, routine biopsy of CRPC metastases may not be feasible because of its cost, morbidity, and low yield due to the bone-predominant metastatic spread of prostate cancer. This prevents the enrollment of patients with nonaccessible metastatic lesions and suffers from a biopsy failure rate of 25% to 75% in some CRPC case series (13) (14) (15) (16) (17) . By contrast, ctDNA profiling is theoretically available to any patient able to provide a blood sample and can be sequentially performed on the same patient with minimal morbidity and modest cost. Nevertheless, until ctDNA is proven to represent the genomic information detected in solid tissue, it cannot replace the need for metastatic tissue biopsy of patients. To address this, we profiled 45 matched metastatic tissue and liquid biopsies from mCRPC patients and quantified the concordance of somatic alterations across key driver genes.
Methods

Clinical Cohort
Patients with mCRPC and evidence of progression on the Prostate Cancer Clinical Trials Working Group (PCWG2) criteria were prospectively enrolled in a tissue acquisition protocol at one of five investigational sites (18, 19) . Approval for this study was granted by the local ethics review board. Written informed consent was obtained from all participants prior to enrollment. A computerized tomography-guided core needle biopsy was obtained from an accessible metastatic lesion in bone or soft tissue. Patients underwent paired collection of blood (for cfDNA) on the day of tumor biopsy.
Targeted cfDNA Sequencing
Aliquots of plasma and buffy coat were isolated from blood collected in EDTA tubes and stored at -80 C prior to DNA extraction, performed as previously described (1, 20) . We employed a targeted sequencing strategy capturing the exonic regions of 72 genes (total ¼ 950 kb). For each sample, 10 to 100 ng of DNA was used for library preparation and quantification according to our established protocols (20 
Tissue Exome Sequencing
Metastatic tissue biopsies were verified for tumor content and formalin-fixed for pathology assessment. DNA was isolated from formalin-fixed paraffin-embedded tumor sample cores under Clinical Laboratory Improvement Amendments (CLIA) conditions. For each sample, 200 ng of DNA was used for library preparation using KAPA library preparation kits (Roche, Basel, Switzerland) with Illumina adapters (San Diego, CA). Library quantification was carried out with an Agilent Bioanalyzer (Santa Clara, CA) before and after PCR amplification (12 cycles).
Target capture was performed with the Nimblegen SeqCap EZ Exome kit (Roche, Basel, Switzerland). Hybridized libraries were washed and amplified for standardized input, and paired-end 2Â75 bp sequencing was performed using an Illumina HiSeq 4000.
Statistical Analysis
Somatic mutations unique to one biopsy type were identified using two-sided Fisher exact tests. P values of less than .01 were considered statistically significant. Concordance of copy number calls between solid and liquid biopsies was quantified using Pearson correlation of coverage log ratios. cfDNA yield and prostate-specific antigen (PSA) concentration were compared between patients with and without detectable ctDNA using the rank-sum test. All statistical tests were two-sided. Figure 1A ; Supplementary Figure  2 , available online). An additional five cfDNA samples exhibited an AR amplification but were not amenable to ctDNA fraction estimation because of a lack of detectable somatic mutations or autosomal copy number changes across the genes in our panel ( Figure 1A ). Samples with a quantifiable ctDNA fraction had higher cfDNA yields than those without (median ¼ 24.4 vs 6.8 ng/mL, P ¼ .002, rank-sum test) ( Figure 1A ). PSA concentrations did not differ between patients with and without detectable ctDNA (P ¼ .71, rank-sum test), although the seven patients with highest PSA levels (>370 ng/mL) all had detectable ctDNA. The cohort included six patients with liver metastases, most of whom displayed high cfDNA yields (median ¼ 118 ng/mL, range ¼ 4.8-1380 ng/mL) and high ctDNA fractions (median ¼ 75.0%, range ¼ 18.1%-85.3%) ( Figure 1A ). The cohort also included seven patients whose metastatic biopsy tissue harbored a histological component of small cell neuroendocrine carcinoma. All cfDNA samples from these patients had a quantifiable ctDNA fraction (median ¼ 65.0%, range ¼ 7.8%-82.3%). Collectively, these data are consistent with previous reports associating high ctDNA fractions with metrics of tumor burden in mCRPC (2, 21) .
Results
ctDNA Fractions and Somatic Landscape
Detected alterations across the 34 samples with quantifiable ctDNA greater than 2% included AR amplifications in 22 (64.7%) samples, SPOP mutations in three (8.8%) samples, and inactivating alterations in tumor suppressors TP53, PTEN, RB1, APC, CDKN1B, BRCA2, and PIK3R1 ( Figure 1B ; Supplementary Figure 3 , available online). In the five patients with small cell neuroendocrine histology in their metastatic tissue biopsy and a liquid biopsy with ctDNA fractions above 35%, there was evidence for biallelic loss of TP53 and/or RB1 in all but one liquid biopsy (Supplementary Table 2 , available online), consistent with tissue-based studies of this disease variant where these aberrations are common (22, 23) .
Representation of Tissue Biopsy Mutations in ctDNA
We identified a total of 109 somatic mutations among the 34 cfDNA samples with quantifiable ctDNA (Supplementary Table  3 , available online). This amounted to an average mutation rate of 3.4 mutations per megabase, similar to prior studies of metastatic tissue biopsies (5, 6) . This estimate may be inflated because of recurrent driver mutations in the target regions.
We compared our results with exome sequencing data (median depth 78Â) from the 34 matched metastatic tissue biopsies (Supplementary Figure 4 , available online). A mutation analysis restricted to the same regions as the cfDNA panel revealed 78 somatic mutations, a remarkable 73 (93.6%) of which were also identified in our independent analysis of the cfDNA samples ( Figure 2A ; Supplementary Table 3 , available online). Of the five mutations detected in a solid biopsy but not in matched cfDNA, only two were protein altering (in CDK12 and MLH1). All five missed mutations were present in their respective cfDNA samples at allele fractions between 0.5% and 1.3%, so although they did not pass our signal-to-noise thresholds, they would likely be robustly detected with ultra-deep sequencing (incorporating unique molecular identifiers) or digital droplet PCR (4, 24) . Four of the missed mutations were from samples with less than 10% ctDNA. Among the 19 paired samples with more than one shared somatic mutation, the hierarchy of variant allele fractions for shared mutations was highly concordant between the liquid and solid biopsy ( Figure 2B ).
Missense mutations in the ligand binding domain of AR are present in 10% to 25% of mCRPC patients and can have implications for patient response to AR-directed therapy (1, 2, 5, 6, 25) . Seven patients (16.7%) in our study harbored AR mutations (exclusively L702H and/or H875Y). All AR mutations identified in solid biopsies were also detected in the corresponding liquid biopsy, with the exception of two patients (022 and 187), whose liquid biopsies lacked detectable ctDNA (Figure 2A;  Supplementary Table 3 , available online). Patients 138 and 169 each harbored double AR L702H and H875Y mutations. These mutations had supporting evidence in both biopsy types, although the L702H mutation did not pass our detection thresholds in the solid biopsy of patient 169 because of low sequencing depth and the presence of two L702H reads in the paired germline sample (potentially from "contaminating" circulating tumor cells [CTCs] in the leukocyte fraction). AR mutations are typically mutually exclusive to high-level gene amplifications (1, 2, 5) . This was true in six of seven patients in our cohort. However, patient 102 carried an AR amplification and an H875Y mutation at 95.3% and 94.5% allele fraction in liquid and solid biopsy, respectively, suggesting that the mutation occurred prior to amplification (Supplementary Figure 5 , available online).
Mutational Heterogeneity Unique to ctDNA
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Concordance of Copy Number Calls Between Liquid and Solid Biopsies
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Coverage log ratio, solid Coverage log ratio, solid Coverage log ratio, solid coverage log ratio (Supplementary Table 4 , available online). For those samples, there was a very high correlation between the coverage log ratios of matched liquid and solid biopsies (median R 2 ¼ 0.76, range ¼ 0.28-0.94) ( Figure 3A ; Supplementary Figure 7 , available online). For samples with ctDNA fractions of 1% to 35%, coverage log ratios were still correlated (median R 2 ¼ 0.35), albeit to a lesser degree because of the reduced dynamic range of signal. Unsurprisingly, samples with undetectable or unquantifiable ctDNA showed no correlation (median R 2 ¼ 0.08),
with the exception of two samples carrying strong AR amplifications ( Figure 3A) . AR amplifications were detected in 15 of 22 liquid biopsies with ctDNA fractions greater than 35% (Supplementary Figure  5, Supplementary Table 4 , available online). Thirteen of these amplifications were detected in the matched solid biopsy, suggesting high concordance for this key mCRPC driver event ( Figure 3B ). However, in one notable exception (patient 135), the liquid biopsy identified a 10-fold AR amplification that was not detected in the corresponding lymph node metastatic biopsy. Furthermore, while this pair shared a CTNNB1 p.D32N hotspot mutation, the liquid biopsy carried an RB1 frameshift mutation that was also absent in the matched lymph node metastasis (Supplementary Table 3 , available online). Patient 135 also had bone metastases, so it is plausible that the tumor clones with AR amplification were confined to the bone disease at time of biopsy collection. Among the 23 liquid biopsies in our cohort with ctDNA fractions of less than 35% (or inestimable), we identified a further 11 AR amplifications, all of which were corroborated in matched solid biopsies ( Figure  3B ). Although low ctDNA fractions preclude statements about the absence of copy number alterations, they do not preclude detection of strong copy number changes when they are present.
Across the clinically informative mCRPC driver genes AR, BRCA2, ATM, PTEN, PIK3CA, PIK3CB, PIK3R1, TP53, and RB1, we observed a concordance of 88.9% for individual gene copy number calls between evaluable liquid and solid biopsies (Figure 3 , C-G; Supplementary Figure 8 , available online). Among the rare discordant calls in the aforementioned genes, the median absolute coverage log ratio difference between paired samples was 0.28, suggesting only minor or subclonal differences. Furthermore, in 72.7% of discordant calls, there was weak evidence (absolute coverage log ratio > 0.1) for the corresponding coverage log ratio change in the noncalled member of the pair, but not sufficient evidence to pass our thresholds. It is plausible that the majority of discordant calls would be found concordant by a more sensitive assay capturing additional genomic territory across target genes or through algorithmic improvements. This hypothesis is supported by the fact that copy number calls were more discordant for short genes with few target regions such as MYC, FOXA1, CDKN1B, and FANCF (66.9% concordance for genes with less than 10 target regions compared with 83.9% concordance for genes with 10 or more target regions; P ¼ 4.3 Â 10 Four patients with quantifiable ctDNA fractions were subsequently treated with platinum-based chemotherapy. One (patient 174) had a sustained tumor response to carboplatin, with a greater than 50% reduction in size of multiple liver metastases and decline in serum PSA from a baseline of 471 ng/mL to a nadir of 26 ng/mL, and a response duration over six months. This patient had a biallelic deletion of BRCA2 detected in baseline ctDNA and matched metastatic biopsy (Supplementary Figure 3  and Supplementary Table 4 , available online).
Genomic Rearrangements Detected in Liquid and Solid Biopsies
Although most large structural rearrangements fall within introns and are undetectable by exon-focused sequencing approaches, we detected a total of 19 somatic genomic rearrangements among the 34 liquid biopsies with a quantifiable ctDNA fraction (Supplementary Table 5 , available online). No somatic rearrangements were detected in the 11 liquid biopsies that lacked quantifiable ctDNA. Detected rearrangements included three PTEN disrupting rearrangements, one TMPRSS2-ERG fusion, one APC truncating deletion, four FOXA1 rearrangements (including one apparent insertion of an Alu element from 14q into the middle of the FOXA1 coding region), and two in-frame deletions in the BRCA2 coding region. Each rearrangement was unique to one patient, no supporting reads were observed in other patients. Nine of the 19 (47.4%) rearrangements displayed sequence-level evidence in the paired solid biopsy (Supplementary Table 5 , available online). The sensitivity of rearrangement detection was limited in the solid whole exome sequencing biopsies because of their shorter read length (75 base pairs) and limited coverage. In two patients (156 and 164), we identified rearrangements that juxtaposed the AR 3'-UTR with other locations in chromosome X, but these likely represent passenger events accompanying the AR amplifications observed in both samples.
Discussion
The interrogation of metastatic tissue biopsies has suggested that real-time knowledge of the CRPC somatic genome can influence clinical management. A "liquid" biopsy using plasma ctDNA offers a minimally invasive and practical tool to access such information. Our study shows that a ctDNA-based assay is, in the majority of patients, sufficient to identify all driver DNA alterations that are present in matched metastatic tissue. Importantly, this supports the development of DNA biomarkers to guide mCRPC patient management based on ctDNA alone.
Several prior studies have demonstrated high plasma ctDNA fractions in mCRPC patients progressing on systemic therapy (1) (2) (3) 26, 27) . Bolstered by these results, we aimed to survey a large proportion of the clinically actionable mCRPC genome by using a 72-gene panel. With sequencing data covering approximately 950 kb of the genome at approximately 800Â coverage, 75% of patients examined had informative cfDNA samples. We and others have shown that high ctDNA fractions are associated with poor prognosis and are correlated with indices of overall tumor burden in mCRPC patients (2, 21) . Therefore, the patients missed by our approach may represent those with a more favorable prognosis and perhaps most likely to benefit from standard of care (and least likely to require personalized interventions). Nevertheless, these patients may benefit from digital droplet PCR or ultra-deep sequencing incorporating unique molecular identifiers, thereby achieving greater sensitivity at specific mutation hotspots (4) . Similarly, assays that survey large numbers of heterozygous SNPs can inform on monoallelic deletions with better sensitivity than those focused solely on exonic regions. Commercial screens for fetal aneuploidy in maternal plasma do not routinely provide results below 4% fetal cfDNA fractions (28) , suggesting that even chromosome-wide copy number changes in cancer patients will be challenging to resolve in low ctDNA fractions. Ultimately, although a cfDNA assay will sometimes fail at detecting a somatic alteration if the ctDNA fraction is very low, a well-designed panel allows differentiation between absence of knowledge (ie, insufficient ctDNA) and a negative result (no alteration in the ctDNA). We envisage a scenario where obtaining metastatic tissue biopsies could serve as a fallback whenever ctDNA fractions are insufficient.
Our study included only patients with a positive metastatic tissue biopsy that yielded sufficient material for genomic analysis. Success rates with ctDNA approaches must be compared with those achievable with tissue biopsy. In patients with mCRPC, bones are often the only site of metastatic spread. Success rates for obtaining tumor tissue from bone in prostate cancer vary from 25% to 75% and (similar to ctDNA fraction) are positively correlated with metrics of overall tumor burden (13) (14) (15) (16) (17) . Furthermore, considerable selection bias exists in identification of patients eligible for tissue biopsy as many metastases are inaccessible or too small to biopsy. In a large series of biopsies such as ours, bone metastases are underrepresented relative to their clinical prevalence, given the relative ease of soft tissue biopsy.
An important advantage of ctDNA is its ability to integrate somatic information from more than one metastatic lesion and thereby survey intrapatient tumor heterogeneity. Our data suggest that important drivers of therapy resistance (AR amplification, WNT pathway disruption) robustly detected in ctDNA can be missed by a single metastatic tissue biopsy. Conversely, we did not observe discordance between liquid and solid biopsies for established "truncal" events such as SPOP and FOXA1 mutations (29) . A recent study of tissue biopsies from 54 men with mCRPC has suggested high concordance between multiple metastatic sites for the majority of cancer drivers (7), and despite some notable exceptions, our study is consistent with this hypothesis. A major limitation of the current study was the use of different sequencing approaches for the solid and liquid biopsies and the lower sequencing depth of the solid biopsy data. Although we corrected for this issue by using statistics to determine which mutations were most likely specific to liquid biopsies, it is possible that higher sequencing depth would have enabled the detection of more subclonal mutations in the solid biopsies.
A large proportion of patients in this study had progression of their disease following at least one line of AR-targeted therapy such as abiraterone or enzalutamide at the time of biopsy, and consistent with this, we observed a high frequency of AR alterations. The postabiraterone and enzalutamide setting is currently where most targeted agents are tested, and therefore represents the patient population poised to benefit the most from the development of prospective biomarkers. We recently demonstrated that ctDNA analysis is sufficient to demonstrate somatic loss-heterozygosity in patients with germline BRCA2 mutations (20) . Similarly, we and others have shown that PTEN loss is detected in ctDNA from mCRPC patients (1, 2) . Patients with these respective genotypes may benefit from PARP inhibitors or PI3K/AKT pathway blockade (11, 12) . Indeed, a patient in our study who had a BRCA2 homozygous deletion identified through ctDNA sequencing had an objective response to a DNAdamaging agent. Here, we show that a well-designed ctDNA assay will not miss important actionable alterations, such as BRCA2 or PTEN loss, that are present in matched metastatic tissue biopsies, the current gold standard for mCRPC tumor genotyping. The remarkable concordance of ctDNA and metastatic tissue biopsies in mCRPC suggests that ctDNA assays could be confidently used to molecularly stratify patients for prognostic and predictive purposes.
